The regulation of the narK gene in Escherichia coli was studied by constructing narK-lacZ gene and operon fusions and analyzing their expression in various mutant strains in response to changes in cell growth conditions. Expression of narK-lacZ was induced 110-fold by a shift to anaerobic growth and a further 8-fold by the presence of nitrate. The fnr gene product mediates this anaerobic response, while nitrate control is mediated by the narL, narX, and narQ gene products. The narX and narQ gene products were shown to sense nitrate independently of one another and could each activate narK expression in a NarL-dependent manner. We provide the first evidence that NarL and FNR interact to ensure optimal expression of narK. IHF and Fis proteins are also required for full activation of narK expression, and their roles in DNA bending are discussed.
The narK gene in Escherichia coli, located at 27 min on the chromosome, is near the structural genes for nitrate reductase (narGHJI) plus two regulatory genes that are involved in nitrate-dependent gene expression, narX and narL (1, 30, 40) . The narK gene was recently sequenced, and a role in nitrate transport was suggested on the basis of its similarity in protein sequence to a family of cytoplasmic membrane transport proteins (31) . This role is supported by observations that nitrate uptake and metabolism are altered in narK mutants (9, 17, 31) .
In a previous study, narK expression was examined under anaerobic conditions and found to be impaired in strains defective in either narL or fnr (40) . However, the effect of oxygen and nitrate on narK expression was not examined nor was the effect of varying other nutritional conditions. To address these questions, narK-lacZ fusions were constructed and inserted into the chromosome in single copy, and their expression was analyzed under a variety of conditions. The role of the narX, narQ, chlD, chlE, chU, fiur, fis, and himA gene products on narK-lacZ expression was documented as was the effect of limiting iron and molybdenum availability. The conditions optimal for narK expression are consistent with a role for NarK in nitrate transport and/or metabolism.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, and plasmids. The genotypes and origins of the E. coli K-12 strains, bacteriophage, and plasmids used are given in Table 1 . Strains TK100 (hiNMA) and TK101 (fis) were constructed by P1 transduction of the respective mutations from SD1 and SD6 into MC4100/ XTS8 (7, 35) . By using the same approach, the TK102 (narQ), TK103 [A(narXL) narQ], and TK104 (fur) strains were constructed (Table 1) .
Construction of narK-acZ gene fusions. Phage M13IS4 was constructed by inserting a 1.9-kb PstI fragment, containing * Corresponding author.
the N-terminal coding regions of narK and narX from pLK63 (21) , into M13mpl9. BamHI and EcoRI recognition sites were then introduced into the M13IS4 phage DNA at the 27th codon of narK and the 11th codon of the divergently transcribed narX gene, respectively, by using site-directed mutagenesis procedures (24) . This phage was designated M13TS1. The narK-lacZ gene and operon fusions were constructed by cloning the 440-bp EcoRI-BamHI DNA fragment (see Fig. 4 ) from phage M13TS1 into the lacZ gene and operon fusion vectors pRS414 and pRS415 to give pTS4 and pTS8, respectively (36) . The narK-lacZ fusion contained on pTS4 occurs between the 27th codon of narK and the 9th codon of lacZ. The pTS16 and pTS17 narK-lacZ fusion plasmids were constructed in a manner similar to that described for pTS4 and pTS8, except that a 235-bp BamHI fragment from M13IS14 was used. The BamHI fragment was created by introducing a second BamHI site into M13IS13 that contained a 440-bp EcoRI-BamHI fragment at position 144 relative to the start of narK translation (see Fig. 4 ). The junction of each fusion was confirmed by double-stranded DNA sequence analysis (33) . The gene and operon fusions were then transferred onto the specialized lambda vector, XRZ5, and introduced into the chromosome of MC4100 as previously described (19) . Lysogens that contained a single phage were isolated and stocked for subsequent study. Similarly, the indicated narK-lacZ phages were introduced into A(narXL), narX, narQ, narL, chlD, chlA, chlE, and fnr strains ( Table 1) . The wild-type copy of narK located at 27 min in each strain was preserved intact since the narK-lacZ gene fusion was integrated at the lambda attachment site at 17 min on the chromosome.
Construction of a narXi deletion strain. By site-directed mutagenesis, a NsiI site was introduced into plasmid pIS19 at a location 55 bp 5' of the translational start of the narX gene to give pIS21. Plasmid pIS19 contains the narXL genes within a 5-kb HindIII fragment. The 2.5-kb NsiI fragment containing the narXL region was then deleted from pIS21 to give pIS24, which contains the regions flanking narXL. The resulting 2.5-kb HindIII fragment was moved into plasmid Strains  MC4100   PC100  IS2  IS4  LK23R35  LK4441  RCC3  RCC4  RK4353  RK5201  RK5200  TK100  TK101  TK102  TK103  TK104  SD1  SD6   W3110ftr::TnS   Phages  XTS4  XTS8  XTS16  XTS17  M13mpl9  M13IS4  M13TS1  M13IS13  M13IS14   Plasmids  pACYC184  pIS19  pIS21  pIS24  pIS25  pLK63  pLK634  pRS414  pRS415  pTS4  pTS8  pTS16  pTS17   MC4100  MC4100  IS2  MC4100  MC4100  RCC1  RCC2  MC4100  RK4353  RK4353  MC4100  MC4100  MC4100  IS4  MC4100  MC4100  MC4100  W3110   pTS4  pTS8  pTS16  pTS17   M13mpl9  M13IS4  M13TS1  M13IS13   pTZ19U  pIS19  pIS21  pMak7O5  pACYC184  pACYC184   pRS414  pRS415  pRS414 (16) to give pIS25, which was transformed into strain MC4100/XLK1 (20) . The narXL region of the chromosome was deleted by using the allele replacement procedure described previously (16) . A kan gene was placed near the narXL deletion by P1 transduction from a pool of cells with mini::kan elements located randomly around the chromosome to give IS2/VLK1. Southern blot analysis of total DNA isolated from IS2 showed that the 2.5-kb narXL region was absent from the chromosome (data not shown). The recA allele was introduced into this strain by P1 transduction to give strain IS4/XLK1 (7) .
Cell growth. For plasmid, phage, and strain manipulations, cells were grown in Luria broth or on solid media. When required, ampicillin, chloramphenicol, and 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-Gal) were added to the medium at concentrations of 80, 30, and 40 mg/liter, respectively. For ,B-galactosidase assays, cells were grown in a minimal medium containing glucose (40 mM) and Casamino Acids (0.1%) at pH 7.0, unless otherwise indicated (6) . Aerobic growth and anaerobic growth were performed as previously described (6) . When desired, sodium nitrate and sodium molybdate were added at final concentrations of 40 mM and 100 FjM, respectively (22) . High aeration of cultures during aerobic growth was accomplished by shaking 10-ml culture volumes in 150-ml flasks at 250 rpm (4 (6, 18, 22) . To establish whether molybdate ions are also involved in narK gene expression, the narK-lacZ gene fusion (ATS4) was introduced into chU4, chlE, and chlD strains and its expression was examined (Tables 2 and 3) . A chlD strain (LK4441), which is defective in molybdate accumulation, showed a 40%-reduced level of narK-lacZ expression relative to the (Table 2) .
Defects in either the chU or the chlE gene products, which are involved in formation of the molybdo-pterin cofactor and are thus necessary for nitrate reductase synthesis and catalytic activity, resulted in levels of narK-lacZ expression when cells were grown anaerobically without nitrate that were significantly higher than levels of expression of the isogenic parental strain RK4353 (Table 3) . When nitrate was present under these conditions, the level of expression of the fusion in the chU and chlE mutants was also greater than that seen in the parent. Interestingly, narK-lacZ expression was also elevated in the chU mutant when grown aerobically in the presence of nitrate. Thus, narK expression appears to be dependent on molybdate availability as well as on the ability of the cell to synthesize a molybdo-pterin cofactor.
Effect of iron limitation on narK-lacZ expression. To determine the effect of iron limitation on narK expression, the iron chelator 2,2'-dipyridyl was added to MC4100/XTS4 cells grown anaerobically with nitrate present. Expression of narK-lacZ was reduced by 87% compared with that of cells grown without the iron chelator (Fig. 1) . When ferrous iron (80 ,uM FeCl2) was added to the culture medium in addition to 2,2'-dipyridyl, a near-complete restoration of narK-lacZ expression was seen. Affur mutant (TK104/XTK4) which is defective in iron-dependent regulation of many iron uptake systems in E. coli (8) tion was NarL dependent as evidenced by the ability of a multicopy narL+ plasmid (pLK634) to partially restore narK-lacZ expression in the narXL narQ strain. The addition of a narX+ narL+ plasmid (pLK63), however, restored a modest fourfold increase in nitrate control. Together, these results suggest that the narX and narQ gene products can each activate narK-lacZ expression in response to nitrate availability, although NarQ appears to be less effective than NarX. For reasons not understood, the presence of plasmid pACYC184 or its derivatives in the strains described above reduced narK-lacZ expression by about one-half under the conditions tested.
Location of the in vivo narK mRNA 5' terminus. Primer extension experiments were performed to locate the initiation site of narK transcription. Cellular mRNA was prepared from cells grown anaerobically in media that either contained or lacked nitrate. A single 5' mRNA terminus which corresponds to a position 26 nucleotides before the translational start of narK was identified under both conditions (Fig. 3) . During anaerobic cell growth conditions when nitrate was present, the amount of the narK mRNA was elevated 8-to 10-fold relative to when nitrate was absent, in good agreement with the narK-lacZ gene fusion data ( Table  2) .
Effect of upstream DNA, IHF, and Fis on narK-kacZ expression. To determine whether DNA upstream of position -144 relative to the narK transcription initiation site was necessary for anaerobic nitrate expression, narK-lacZ gene (XTS16) and operon (XTS17) fusions that contained a 235-bp BamHI promoter fragment were constructed (Fig. 4 ) (see Materials and Methods) and analyzed as described above for XTS8 (Table 5 ). An approximate 100-fold anaerobic induction of narK expression in MC4100/XTS8 was also observed in MC4100/XTS17, although the level of I-galactosidase was reduced considerably under either condition. The fivefold nitrate induction seen in a wild-type strain under aerobic or anaerobic growth was completely abolished when DNA upstream of position -144 was removed (Table 5) . Similar results were observed for narK-lacZ gene fusions XTS4 and XTS16 (data not shown). (14) indicate sequence identity to the proposed narK FNR-binding site (31) . The stippled box indicates the location of a putative NarL box (31) . The wavy line represents narK mRNA. To test whether either the himA orfis gene products affect narK-lacZ expression, mutations in the respective genes were introduced into the operon reporter fusion strains (see Materials and Methods). In the himA strain, narK-lacZ expression was reduced by about threefold during anaerobic growth with or without nitrate relative to that in MC4100. Anaerobic expression of narK-lacZ in the fis strain was also reduced but by about twofold relative to that in the wild-type strain. Thus, for optimal narK-lacZ expression, the himA and fis gene products in addition to DNA sequences upstream of the narK promoter are necessary.
DISCUSSION
In this study, expression of the narK gene in E. coli was shown to be regulated by nitrate, oxygen, iron, and molybdenum availability. Furthermore, narK expression was shown to be induced more than 100-fold by the fnr gene product in response to anaerobiosis, as demonstrated by the near-complete loss of narK-lacZ expression in the cells defective in fnr (Table 2 ). In a narL strain, narK-lacZ expression was also severely impaired during anaerobic growth, even when no nitrate was present in the growth medium ( Table 2) . Induction of the narK gene expression is also dependent on the narX and narQ gene products (Table  4) . According to the models of Kalman and Gunsalus (22) and Chiang et al. (3) , the narL gene product (NarL) functions as a response regulator to activate narK transcription, while the narX and the narQ gene products function as sensortransmitters to detect and report nitrate availability (3, 15, 30, 41) . Interestingly, narX and narQ gene products appear to each activate NarL when nitrate is present but not to the same degrees. NarX appears to provide a wild type-like nitrate control, while NarQ is only partially responsive ( Table 4 ). The reason for this differential control is unknown, and it may be indicative of the cells need for two sensortransmitters in the narX, narQ, and narL two-component system. Interestingly, mutations in narQ and/or narX cause lower basal narK-lacZ expression when nitrate is absent. Further studies are in progress to explore the basis of these observations. As anticipated (21) , when a multicopy plasmid containing narL+ was introduced into a AnarXL narQ strain, narK-lacZ expression was elevated to an intermediate level regardless of nitrate availability. Thus, production of elevated levels of the response regulator (NarL) apparently stimulates narK expression when the sensor-transmitter proteins are both defective. It is noted that residual nitrate control remains in a narX narQ mutant. The reason for this is not presently understood biochemically or genetically.
FNR is essential for anaerobic induction of narK expression ( Table 2 ). The 110-fold difference in aerobic versus anaerobic expression in the wild-type strain is reduced to 2-fold in the mutant. FNR is also required to mediate narK activation in response to nitrate as evidenced by the degree of narK-lacZ expression in aftnr strain (Table 2) . A threefold increase in aerobic expression seen in response to nitrate in the wild-type strain is lost. Anaerobically, the nitrate effect is only 1.5-fold in the fnr mutant compared to 8-fold in the parent strain. Conversely, it appears that NarL is essential for FNR function. In a narL strain, nitrate activation of narK expression was abolished while the anaerobic induction was greatly impaired (14-fold versus 110-fold in the wild type). Thus, we provide the first evidence that NarL and FNR interact to ensure optimal expression of narK. Additional regulatory proteins are involved in this process (see below).
Because the integration host factor protein (IHF) was demonstrated to be essential for nitrate-dependent anaerobic expression of the nitrate reductase (narGHJI) operon (34), we also tested its role in nitrate-dependent narK-lacZ expression (Table 5 ). In a himA mutant, narK-lacZ expression was reduced by approximately one-half to two-thirds under most conditions tested. Apparently, IHF binding to narK regulatory DNA is required for full activation of narK expression in response to anaerobiosis and to nitrate. This protein, which is essential for normal expression of narKlacZ in vivo, apparently binds to narK regulatory DNA site(s) and may bend it as has been demonstrated for IHF regulation of other genes in E. coli (32, 42) . The Fis protein appears to also affect anaerobic and nitrate activation of narK expression in a way similar to that of IHF. How Fis acts in this process is unclear but may also involve a change in DNA topology on the basis of the known DNA-bending properties of this protein (23) .
Molybdenum transport appears to be essential for full expression of narK (Table 2) , as evidenced by the results of the chiD mutant studies. The pattern of molybdenum-dependent regulation of narK gene expression is similar to that observed for frdABCD, dmsABC, and narGHJI expression (6, 18, 22) . Limiting amounts of molybdate in the medium impairs the ability of narX, narQ, and narL to control in response to nitrate (6, 18, 22) . Roles for the NarL receiverregulator protein (6, 18, 22) and the NarX sensor-transmitter (6, 22) in molybdenum detection have been demonstrated for the narXLQ gene regulatory system (6, 18, 22) . Interestingly, chUA and chlE mutations, which affect synthesis of a molybdo-pterin cofactor, do not reduce narK expression but increase it when cells are grown anaerobically either with or without nitrate (Table 3) . Although a similar pattern of gene expression has been reported for the dmsABC genes (6), the basis for this observation is unclear. Because an active nitrate reductase requires molybdo-pterin cofactor production for assembly of the mature complex from the apoenzyme precursor, it is interesting that the regulatory system for mediating nitrate control also extends to sensing an essential metal and/or cofactor. Since narK is regulated in response to many of the same stimuli that affect narGHJI expression, perhaps the function of NarK is to support anaerobic electron transport to nitrate.
Iron availability also affects narK expression (Fig. 2) be needed unless the cell is also able to synthesize a functional nitrate reductase. This respiratory enzyme contains 16 nonheme iron molecules per complex in addition to 4 molecules of cytochrome b type heme and molybdenumcontaining pterin (25) . The reduced level of narK-lacZ expression seen during iron limitation is similar to that for the anaerobic respiratory genes narGHJI, dmsABC, and frdABCD (5) . This control appears to be independent of the fiur gene product and supports the proposal that an additional level of iron control exists in E. coli which functions upon severe depletion of iron from the medium (5) . Whether this effect is related to the presence of iron in the Fnr protein, as has been demonstrated by several laboratories (29, 37) , is suggestive. A molecular basis for this control has yet to be established.
Primer extension experiments indicate that the narK gene contains one major promoter (Fig. 3) and the resulting narK transcript contains an mRNA leader sequence of 25 nucleotides (Fig. 4) . Comparison of the narK gene and operon fusion data permits an assessment of the translational efficiency of narK+ and lacZ+ (Table 2) , where the translational efficiency of narK is similar to that of the lacZ+ gene. The abundance of the narK message in anaerobic cells grown in the presence and absence of nitrate also correlates well with the results of the gene fusion data. The nucleotide sequence preceding the transcriptional start of the narK gene contains putative binding regions for RNA polymerase at positions -10 and -35, suggesting that binding of a sigma 70-containing RNA polymerase is required for narK promoter expression. A putative FNR-binding site for anaerobic activation of narK transcription is located at positions -34 to -48 and shows considerable DNA sequence similarity to otherfnrcontrolled genes (Fig. 4) (14) . This sequence was also noted by Noji and coworkers (31) . A putative nitrate regulatory site within the narK regulatory region was recently proposed by Noji et al. (31) . This nine-nucleotide sequence (TAC TCCTTA) located 199 bp before the start of transcription of narK (Fig. 4) is similar to a 6-bp NarL box (TACTCC) predicted for narGHJI activation by Dong et al. (10) . When the putative NarL box, located 199 bp upstream of the translation start of narK, was deleted ( Fig. 4 and Table 5 ), the nitrate-dependent activation of narK-lacZ expression was abolished. This finding establishes the requirement for upstream DNA sequences for the NarL-dependent transcriptional activation process in response to nitrate. A mechanism that accounts for this process is unclear, but it may involve an alteration of the DNA topology at the narK promoter region due to IHF bending of the DNA as is the case for other IHF-dependent promoters (12) . This event would, conceivably, position the upstream NarL-binding site and bound NarL protein close to the FNR and RNA polymerase proteins to provide the necessary conditions for narK transcription. A similar mechanism has been proposed for the IHF-dependent expression of the narG promoter (34) .
The narK gene product was originally proposed to be involved in nitrate regulation of nitrate reductase and fumarate reductase on the basis of the phenotype of a narK strain on anaerobic indicator media (39) . However, narK mutants were later shown to have no effect on nitrate-dependent control of fumarate reductase (frdABCD) gene expression (19) . Estimation of the intracellular NarK protein concentration (calculated by the method of Grove and Gunsalus [13] ) indicates that it may be present in relatively high amounts during anaerobic cell growth when nitrate is present (i.e., excess of 25,000 molecules per cell). This is consistent with a metabolic role rather than a regulatory role for NarK. In any event, its function appears to be related to nitrate metabolism. Notably, nitrite did not substitute for nitrate and cause activation of narK gene expression. In addition, the carbon source did not affect narK expression. NarK synthesis does not occur optimally if either molybdenum or iron is limiting in the cell. Thus, narK transcription correlates well with the synthesis of an active nitrate reductase complex. An intermediate level of NarK synthesis in cells grown anaerobically without nitrate suggests that its physiological role is to function in the absence of oxygen. Cells are apparently poised anaerobically in the absence of nitrate but are further stimulated by nitrate availability. The role for NarK as a putative nitrate transporter would thus facilitate nitrate uptake and subsequent reduction via respiration. This process is energetically favorable to growth by anaerobic fermentation.
The pattern of oxygen and nitrate regulation of narK expression is similar to that seen for the narGHJI genes ofE. coli (3, 38) . However, the magnitude of anaerobic induction of narK expression by FNR is greater (100-fold) than the induction of narGHJI (10-fold). In contrast, the induction of narK in response to nitrate is less than that of narGHJI (10-fold versus 80-fold, respectively). For nitrate control of the frdABCD and dmsABC operons, the narXLQ gene products mediate 30-and 12-fold repression, respectively (6, 11, 19) . Thus, the narX, narQ, and narL gene products can mediate a wide range of positive and negative gene regulation to coordinate cellular energy generation in the cell. They regulate not only the choice of electron transport pathways to be used but also the acquisition of an essential metal, molybdate, which is required for synthesis of several enzymes in the respiratory pathways. On the basis of the present studies, they also appear to control nitrate uptake from the cell exterior for nitrate respiration.
